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SUMMARY 


A hydrofoil  -soring  at  a giren  angle  of  ..stack  near  the  surface  of  a 
fluid  experiences  a resistance  which  can  be  broken  down  into  the  follow- 
ing components:  a ware-making  drag  caused  by  bound  rorticea  in  proximity 
to  the  surface,  an  induced  d—y  caused  by  trailing  rortices  resulting  fro*  > 

a finite  span,  and  a profile  drag  consisting  of  the  frictional  and  eddy- 
taking  drag  of  the  hydrofoil. 

It  is  found  in  the  present  report  that  the  induced  drag  of  a hydro- 
foil of  aspect  ratio  6 (the  smallest  inrestigated)  can  be  computed  with  [ 

sufficient  ic  iracy  by  a procedure  similar  to  that  used  for  airfoils  in  > 

an  infinite  medium.  : * 

Tlta  asreral  Methods  for  computing  the  ware-asking  drag  of  a hydro- 
foil in  media  of  finite  or  infinite  depth  are  compered  and  discussed.  In  i 

ahellow  water,  there  ia  a maximum  Telocity  for  the  propegation  of  wares,  f 

termed  the  critical  relocity.  If  the  hydrofoil  mores  at  a supercritical  ( 

velocity,  the  wares  caused  by  the  bound  rorticea  cannot  follow,  and  ware- 
making  drag  is  ail.  Itewersr,  ia  the  transition  range  near  the  critical  j 

relocity,  the  rats  at  which  ware-making  drag  decreases  with  relocity  from 
a finite  rains  to  sero  ia  not  giren  by  existing  theories.  Ia  the  present  j 

report,  an  empirical  correction  factor  depeidiag  on  the  ratio  of  relocity  j 

to  'critical  relocity  is  applied  to  the  equation  for  the  two-dimsaaiemal  j 

ware -making  drag  of  a flat  plate  ia  * nedi’m  of  infinite  depth  ia  order 
to  approximate  the  decrease  of  tbs  •are-making  drag  ia  a median  of  finite 
depth.  Ir  the  aetael  operation  of  a hydrofoil  in  opan  water,  this  cor- 
rection factor  becomes  negligible. 


fare-making  drag  and  induced  drag  are  subtracted  from  experimental 
total  drag  to  gire  seines  of  profile  drag.  Au  examinativa  of  the  result- 
ing profile  drag  curses  and  thoes  obtained  directly  from  N.A.C.A.  wind- 
tunnel  testa  shown: 

(1)  rery  close  agreemeat  when  the  hydrofoil  and  airfoil  sections 
wore  tested  at  the  a asm  Reynolds  number a, 

(2)  sinilar  fora  and  reasonable  magnitude  when  the  hydrofoil  was 
tested  at  lower  Rsy soldo  unbars. 

Sines  the  ware-making  drag  and  induced  drag  of  a hydrofoil  are  in- 
dependent of  scale  effect,  it  ia  possible,  giren  the  profile  drag  at  a 
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suitable  Reynolds  number,  to  find  the  fu.  scale  total  dreg  at  that 
Reynolds  number. 

It  is  also  shown  that  the  slope  of  ; * lift  coefficient  with  angle 
of  attack  is  a function  of  submergence,  and  increases  witn  depth  toward 
a theoretical  infinite-depth  value  depending  on  the  aspect  ratio. 
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Thin  report  i»  • study  of  the  application  of  the  theories  of  induced 
domstsh  sngle  and  of  waNi-aeking  resistance  to  the  analysia  of  expsri- 
iwntal  lift  and  drag  data  oa  hydrofoils.  A deeply-aubmerged  hydrofoil  acts 
*»»  au  airfoil  in  an  iniinite  “idiua,  i.e.,  the  effect  of  the  free  siuface 
is  oegiijible.  In  tha  case  of  a foil  of  infinite  aoen,  there  is  no  induced 
downeaeh  angle  and  thus  no  induced  drag.  Therefore,  the  only  observable 
resistance  is  the  profile  or  section  drag.  However,  in  the  case  ot  e deep* 
ly-tuhaterged  hydrofoil  of  finite  (.railing  vortices  occur,  causing  a 

doeneash  angle  «nd  thereby  modi'*  i,<{  tha  , it  pe  cf  tha  curve  of  lift  coef- 
ficient ve.  engin  of  *ttac.!i,  T.iu  i**awcwu  dvsnwajh  angle  will  produce  in* 
duced  (trailing  * orte'.J  it  if,,  ro  .bet  rbe  t)tel  drag  is  the  sum  of  the 
profile  end  induuul  dr.^f  ccwpomeati. 

A foil  t;r.v/rlfe/  u*tr  the  surface  produces  «a»e>»  which,  in  turn,  pro*  • 
vide  added  increments  of  velocity  to  the  floe  art*n'A  it.  further  codifying 
the  lift  end  dray  Uc-dificatioae  caused  ’ ty  the  pruxisicy  of  the  bound  vor* 
ticas  to  th % aorrace  oecto  weather  the  spee  ie  finite  or  infinite.  Thera 
are  reveral  ma:W*  available,  for  arr.lueC.iny  the  w*7«-nek:ng  (bound  vor- 
t,r)  u'rwgt.  Vevra  (utferer.ee  1)  •opreitent*  the  foil  a*  «>  sis;!a 
iilaarnt  en«  cwWideca  the  r»i* tica  of  tU  lilt  to  the  .iicuUtioa  to  oo 
the  a emu  a r*  ’&:**&  d«<*h.  i.e.,  the  Kotta-Joukouahi  volition.  Siotebia 
(Referent?  2)  .rr.rr state  the  fr»il  Vi  * srngle  vortex  filament,  bnt 

eonaidara  she  of  the  fr«»  awvtcee  the  relatjrewhip  hstweca  the 

lift  end  t La  ci'-jnletiow  oc.l-'/ach  a .'id  Lavre'itiev  (Reference  3),  ia  their 
study  of  tho  free  aurfaoe  effects,  represent  the  foil  by  a lifting  surface, 
i.e.,  e surface  of  aiecoatiaulty  oa  which  r rurcee  end  vortices  of  veryiag 
atreagth  are  placed.  These  three  flatbed*  ere  cellared  sad  dieeuaeed  here- 
in, 

Ia  shallow  water,  there  ia  a Maxima  valoeity  for  tha  prepegaticn  of 
waves,  termed  the  critical  vwlo.ity.  If  a hydrofcil  moves  with  a euper* 
tritiaal  valoeity,  the  waves  aaaaad  by  tha  bowed  vorticaa  esaaet  fallow, 
aad  wavwmakisf  resintaaes  ia  ail.  Bewevjr,  ia  tha  traaeitica  range  aaar 
tha  sritioal  veleeity,  tha  rata  af  decrease  of  tha  wava-mabiag  drag  from 
a fiaits  vales  te  sere  is  sot  gives  b?  riiotiifi  theories.  Therefore,  as 
sspirieal  relatioaehip  ia  developed  ia  tbia  report  for  tba  value  ‘A  wavs* 
asking  drag  ia  tha  trnaaitiaa  raaga  batwaaa  aubcritical  and  supercritical 
velocities. 
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It  should  be  naphasised  that  the  vanishing  of  the  wavs-taaVing  re- 
aietence  at  supercritical  velocities  is  essentially  a result  of  labora- 
tory conditions;  it  would  occur  in  full-scale  only  in  shallow  water.  The 
evaluation  of  the  wive-jukinj  drag  of  a full-scale  hydrofoil  under  nor- 
mal conditions  of  operation  rharefore  depends  on  the  theory  developed 
for  s foil  in  e mediua  of  jrett  depth.  In  the  present  analysis  of  the 
shallow -water  data  obtained  a towing  tank,  the  equations  resulting 
fros  deep-water  theory  era  modified  to  teke  into  account  the  depth  of 
the  medium. 

la  this  report,  the  tera  "wave -asking  dreg*  is  applied,  ia  lifting 
lias  theory,  to  tho  effects  of  the  bound  vortex  it.  proximity  to  tho  free 
surface  (or,  ia  lifting  surfaca  theory,  to  tho  offsets  of  tho  distribu- 
tion of  bound  vertices).  These  affects  are  determined  for  tho  infinite 
span,  i.a.,  for  two-diaanaioaal  tlcn  with  the  formation  of  transverse 
waves.  Tho  tare  "induced  drag"  is  applisd,  followirg  ssronauticsl  usage, 
to  the  increw  it  of  drag  caused  by  a finite  span,  i.a.,  cawed  by  the 
trailing  vortices.  The  trailing  vortices  also  fern  wares,  but  of  oblique 
fora. 

The  above  nomenclature  differs  from  that  recently  need  by  Vavrn  ia 
Reference  1.  The  terminology  of  'bound  vortex  drag*  and  "trailing  vortex 
drag"  is  used  by  Vavra  and  ISeyar,  and  in  Reference  1 Vavra  groups  both 
of  th«se  under  the  name  of  Swmeking  drag,"  which  ia  defined  as  in- 
cluding all  resistance  in  wxcesa  of  the  drag  of  a foil  ia  an  infinite 
two-dimensional  medium,  i.a.,  profile  drag.  Xa  Vavrn' a notation,  then, 
the  drag  1. 1 the  trailing  vortices  is  divided  into  two  pert*; 

(a)  tho  induced  drag  of  tho  finite  aspect  ratio  foil  in  an  in- 
finite medium, 

(h)  an  additional  increment  due  to  the  effect  oi  the  surface  in- 
cluded U pert  of  the  expression  for  bound  vortex  drag. 

It  was  fait  by  the  preaeat  authors  that  this  terminology  night  lsad  to 
som  confusion,  and  so  the  terms  Vive -making*  sod  'induced*  dreg  as 
defined  in  the  preceding  paragraph  era  used  ia  thin  report. 
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'iT>.c  various  terms  arJ  coefficients  tired  ;r.  this  report  are  u 
’.ova: 

Ggttcr.il  Symbols 

j ■ acceleration  of  gravity , 32  IV  ft. /sec.* 
v kinematic  viac-aity 
p » ma*»  density 

Aarodynsnic  and  Hydrodynamic  Symbols 

A « aspect  ratio 

Kt  " equivalent  aspect  ratio 

6 ■ span  of  the  hydrofoil,  ft. 

“ equivalent  span,  ft. 

C#  " induced  drag  coefficient 

C#*  ■ profile  drag  coefficient 

CB  “ total  drag  coefficient 

c/-  wave 'Baking  drag  coefficient 

Ct  **  thres-diasnaionsl  lift  coefficient 

C't  • tvc-diaenaional  lift  coefficient 

e ■ chord  length,  ft. 

gifs)  - exponential  integral,  f_Q(*m/m)du 

f • Froude  nuaber , Vi-JJe,  baaed  on  the  chord  aa  characteristic 
length 

H * tank  eatar  depth,-  ft. 

A " hydrofoil  depth  rf  submersion,  ft. 
f-  ■ total  lift  force,  lb. 

I,  - lift  force  per  unit  span,  lb./ft. 

If  ■ Munk  span  factor  (sae  equation  (2)) 

P j,  P|,  <?t,  Qt  m coefficients  (see  equations  (25) -(28)) 
fie  • Reynolds  number,  Ve/v 
S ■ planfora  ar«a,  ft.* 

V ■ horiroatal  velocity  of  the  foil,  ft. /sec. 

Ke  " critical  velocity,  ft. /sec. 

• ■ doeneask  velocity,  ft, /see. 
a « angle  of  attack,  radians 

a,  " section  eagle  of  attack,  i.e.,  angle  of  attack  of  e foil  of 
infinite  span,  radians 

at  * angle  of  attack  at  aero  lift,  radians 
I 
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planfcrm  factor  (aee  page  10) 
circulation 

downwash  angle,  radiana 
a form  of  Ftovd*  number,  F*/2|t 

a form  of  Froude  number,  2*h/V'*,  baaed  on  eubmorgence  aa  char- 
ecteriatic  length 

Munk  interferes  factor  (aee  page  8) 
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HYDROFOIL  THEORY 


INDUCED  DRAG 


There  in  nnnl  dmlopniU  of  exprtaaioaa  for  trailing  tot  tax 
drag.  Vladiairor  (Rafaraoca  4)  ‘.Tea  a sketchy  traataaat  ^iaf  «e  a 
<ia|la  horseshoe  rortex,  aad  Vatra  and  tbyar  hare  treated  tW  probleai 
(Rtfarencel)  ia  the  caaa  of  the  boaad  ?ortex  liaa  of  raryiag  strength 
aad  a couplets  trailing  tot  tax  ehoet.  Thia  latter  treataerc  given  a 
double  integral  which  ia  aoluble  ia  cloaad  fora  for  cniy  a fa*  liuiting 
caaaa  (aaa  Mjwi*on  (19) -(22}  of  the  present  report).  The  aacaaaary 
auaarical  integration  for  the  aora  general'  caaaa  haa  not  yat  been  cos- 
plat  si.  There  ia  alao  a atady  beiag  rede  at  the  E.T.T.  in  which  the  af- 
fect >f  the  trailiag  rorticaa  ii  the  reaulta  are  not 

yet  arailebla.  Consequently,  ^ chia  metier.  of  the  report,  a siapli- 
fiad  e^yreaaioa  ia  uaad  which  .’^iuera  the  aarlace  diaturbaaca  cauaad 
by  the  ’railing  rorticaa  to  «*»  negligible,  which  ia  actually  the  condi- 
tion at  high  apaada.  Thia  permit*  the  application  of  « technique  widely 
aaad  ia  aorodyaanica. 


The  induced  dewawaah  angle  of  airfoila  ia  data rained  b*  integrat- 
ing the  vertical  ralocitiaa  iadacad  by  the  trailing  rorticaa.  Ia  the 
particular  caaa  of  an  elliptic  lift  distribution,  it  aay  be  ahowa  that 
the  dowawaah  Telocity  ia  aaifora  along  the  apan  and  eaa  be  coaputad  by 
aonentuu  theory,  uaing  aa  the  ri-’taal  aaaa  the  aaaa  of  a cylinder  of 
fluid  haring  a diaaeter  equal  to  the  open  of  the  airfoil  (Sketch  A be- 
low). — 


AIRFOIL  IN  AN 
INFINITE  MEDIUM 

SKETCH  A 


mannie— ■ 

mi  Vuarac O 


PLANING  FOIL 
SKETCH  I 
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For  « body  Bering  near  tho  nttr  cur  face,  tho  ayat«i  caa  bn  completed 
by  ita  reflcctioa  iron  tha  autfaca.  Thus,  for  a body  planing  oa  fcba  aur£i:e 
cf  tha  eater,  good  rwiita  ara  obtained  by  taking  half  tha  cylinder  (Skatcb 
B,  page  7)  a*  the  virtual  noa*  (Referencea  $ and  6). 

In  the  praaaat  derivation  of  tha  expreeeiea  for  the  induced  drag  co- 
efficient, C$i,  an  iaage  a par  ‘Sketch  C,  page  9)  ia  aaauamd  at  a dia^fca  h 
(equal  to  tha  aubaerganca  of  the  actual  foil)  above  the  uadiaturbed  anrface. 
The  induced  drag  ia  than  developed  by  a procedure  eiailer  to  that  for  a bi- 
plane ia  oa  infinite  nediun.  Ia  biplane  theory  (Refaraaee  7),  the  induced 
drag  ia  found  by  determining  the  dinaaalane  of  a aoneplaae  equivalent  to 
the  biplane  fS^atch  D,  page  9)  and  than  proceeding  by  monoplane  theory. 


The'  equivalent  aoaeplaaa  open,  i|t  ia  given  by 


b,  -•> 


If  ia  the  ihtnk  a pea  factor,  and  ia  dofiand  an 

(1  ♦ 


M • 


Vm*  ♦ 2 tfr  ♦ tf * 


(1) 


(7) 


•hare 


( • £c/tg,  the  ratio  of  tha  lifta  of  each  open 
M • r./hj,  the  ratio  of  tho  a pan  laagtha 
<r  ■ tha  Monk  iotorfaroaco  facnov. 

For  tho  hydrofoil,  m ■ € ■ 1.  and  tin  expreeaiem  for  If  hae< 


V2(l  ♦ ej 


(S) 


Tha  iatorforaaco  factor  ia  da  tend  nod  by  aanerieel  iategretiea  of  the  double 
integral  found  on  page  247  of  Reference  7.  It  is  a hove  platted  against  ea 
an  tended  range  ef  k'  /k  (•here  k'  ia  the  diataaca  batuaan  the  too  apaae, 
aqaal  to  2h)  on  Figure  1.  For  tho  hydrofoil  of  r octangular  pleafora,  tha 
equivalent  aapoct  ratio,  At,  it  givoo  by 


fllO1 

25 


(4) 


h:  f 
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(14a)  nay  be  written  •• 

. (1  ♦ cr  ♦ S)C* 

C m L_ 

vA 


(14b) 


Veluee  of  t orer  aa  exteaded  range  of  .1  are  abstracted  frota  Reference  8 
and  plotted  on  Figure  ?. 

CRITICAL  VELOCITY 

In  Reference  9,  Vavra  ahoea  analytically  that  in  ehalloe  wa»*r, 
e.g. , a toeing  tank,  t*o  entirely  different  floe  regiaea  exist,  oas  for 
V < VgF,  and  he  other  for  V > Vgff,  where  3 ia  the  depth  of  the  water 
in  the  tank.  V - VgF  ia  tnraed  the  critical  velocity,  which  ia  the 
aaxiaua  velocity  of  wavea  in  ahallow  water. 

At  aupercritical  velocities,  the  free  tranrverae  wavea  ceased  by 
the  bound  vorticea  cannot  follow  at  the  apaed  of  the  aodel,  and  the  ear* 
face  diaturbance  takea  the  fora  of  a aolitary  wave  traveling  with  the 
aodel.  There  ia  no  wave  train  in  the  wake,  and  consequently  ne  energy 
loaa,  and  ne  coaponent  of  eave-aoking  drag.  The  teeta  reported  in  Hal* 
erence  10  were  all  aade  at  velocitiaa  above  the  critical,  and  in  the 
analytic  of  the  data  aade  in  the  present  report  (aee  Figures  11. and  12), 
the  exclusion  of  a wave-asking  drag  gives  results  which  ere  closely 
checked  by  wind-tunnel  tests  (Raference  11). 

The  data  of  Reference  12  include  velocities  ranging  froa  eeberiti- 
cal  to  aupercritical,  and  the  preblea  arises  aa  to  how  abruptly  the  wave- 
asking  drag  ceases  to  exist  at  the  critical  velocity:  whether  there  is  a 
juap  discontinuity,  er  a seooth  decrease  in  the  aacnat  of  energy  trans- 
aitted  te  the  wake  ns  V increases  toward  the  critical. 

NAVE-MAKING  DMA  TKCRICS 


In  Reference  1,  Vavra  gives  the  following  equation  for  the  two- 
dinsnaional  wave-asking  drag,  D|t  ef  a single  vertex  line  is  a asdiaa  of 
infinite  depth: 


(IS) 


where  the  symbols  are  these  given  oa  page  S.  He  seeps  roe  this  equation 
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“ith  the  expression  obtained  by  Kotchin  in  Reference  2, 
Pgr* 


D , ■ — r-  « 
t yt 


.X 


(16) 


*nd  states  that  aith  the  circulation  obtained  by  the  Kutta-Joukowaki  equa- 
tion. 


r 

PV 


ill) 


equations  (IS)  and  (16)  are  identical.  Hoeever,  equation  (17)  epplies  only 
to  su  infinite  Medium.  Kotchin  gives  the  equation  for  fj  in  the  ease  of  a 
seni -infinite  eediwa  (infinite  depth,  free  surface)  an 


(18a) 


where  fifX)  • Jmm(t,/H)dn.  Equation  (18a)  ia  thus  seen  to  be  the  Kutta- 
Joukowaki  lift  tinea  a factor  varying  with  depth,  velocity,  and  circula- 
tion: 


(18b) 


The  actnel  error  involved  ia  wing  equation  (17)  ia  a eeni-infinite  nediua 
will  be  a alight  one  at  low  values  of  V/  ~Jgh,  decreasing  to  cero  at 
V/  -Jgh  ~ 1.S7,  end  increasing  with  >7  Vfk  thereafter. 

Ia  Reference  lS,  Vavre  give*  aa  expression  for  the  wave-aakisg  drag 
of  a vortex  line  of  finite  epaa,  t,  ooving  ia  n fluid  of  finite  depth, 
with  varying  circulation  around  the  spaa  (lift  variable  eloag  the  spaa): 


•••£££!“ -i"'T  {"[‘■S' 


(<e) 


(19)* 


* Seat*,  lltee  it  eaafeeiee  ie  eke  teeeeeltieftt  it  Oefiftett  it,  ktaaS  »#»«•»  <»•*  it  atilt* 
l|,  tt  it  «kt  Mtmittttt  at  tilt  fin«l,  i(4  it  eiiinn  i,  it  it  (treat 
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fcJT  [i  - (iiM*)]"  in 


e - b/h 

n • an  exponent  depending  on  the  distribution  of  lift  nloog  the 
span  (for  unifora  distribution,  n ■ 1;  for  elliptic  distri- 
bution, n m%) 

a - y/1  ♦ - V/4]‘ 

* " tJ1  ~ ~ n»V4J* 

H|Q>  end  Hj05  ■ Henkel  functions. 

Closed  solutions  of  equation  (19)  are  possible  only  in  three  lieicing 
cases: 

(a)  Very  see 11  values  of  fl: 

on 

(b)  Very  large  values  of  fl: 

0-  $Li  a7>  * 


• msb  vslee  of  I,*  along  the  spas 
ftp*  » square  of  the  msb  vslae  of  Lt  along  the  span. 

The  quotient  (L\* )/(£[)*  is  naity  for  unifora  lift  distribution, 
for  elliptic  lift  distribution. 

(e)  Very  sail  values  of 

2t*  flail  ♦ {»*/«*)]' 
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If  the  wave-miking  dreg  is  obtained  Iron  equation  (19),  the  induced 
drag,  D±,  is  taken  in  Reference  1 t«  that  for  a foil  in  an  infinite  medium, 
because  surface  effects  are  assumed  tv  be  «e«>,  anted  for  by  the  following 
term  in  equation  (19): 


XX  {t -£][*-$]}£ 


unx  dvt 


It  will  be  noted  that  this  term  is  identical  to  the  interference  factor  e 
given  in  Reference  7 which  is  discussed  surlier  in  the  present  report  on 
page  8. 

la  Reference  3,  Keldyaeh  and  La<ti itier  devolop  general  expressions 
for  the  lift  and  ware-making  drag  of  various  bodies  submerged  in  a two- 
dimensional  aemi -infinite  medium.  For  a hydrofoil,  the  problem  is  to  find 
the  characteristic  function  of  flow  having  a given  velocity  V and  a given 
discontinuity  of  tha  tangential  and  normal  velocities  along  a cambered 
line  representing  the  foil.  By  placing  on  this  line  sources  of  intensity 
f (a)  ds  and  vortices  of  intensity  Y(*)  da  which  give  the  same  flow  pattern 
as  that  actually  occurring  about  a thin  foil,  tha  desirwd  discontinuity  of 
the  normal  and  tangential  velocities  ia  obtained.  The  boundary  conditions 
duo  to  the  free  surface  are  imposed  on  the  sum  of  the  sources  and  vortices. 
From  tha  flow  pattern  thus  obtained,  expressions  for  the  lift  and  drag  at 
any  angle  of  attack  art  formulated.  Actually,  ia  Reference  3,  the  derive* 
tioa  ia  carried  through  only  for  a thin  flat  plate  at  an  angle  of  attack 
a,,  chord  e,  and  submergence  h.  In  the  present  report,  the  actual  hydro- 
foil ia  assumed  to  bo  equivalent  to  the  thin  flat  plate.  The  sere  angle  of 
attach  for  asymmetric  foils  is  assumed  to  bo  tha  angle  of  aero  lift,  ay#. 

The  expressions  for  two -dimensional  lift  and  wave-asking  drag  as  da* 
vajoptd  ia  Reference  3 are  aa  follows: 

A,  • *peY\(Pt  - a/,)  , (23) 

Dr  * - *»<?,)  (24) 

The  diasssioaleaa  coefficients  Ft,  Pt,  Qt,  and  Qt  era  givaa  aa 
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,iWi* 


It fnBi(k)~ 


x - 2*x/f* 

k » Pk/2ge 

P-,  P,,  <?J,  ad  Qt  IN  ikwi  plotted  0|«iut  * ot  various  mb«r|wcu  oa 
Figaros  3.  4.  5,  sad  6. 

Thors  is  s cortaia  aaooat  of  coafssioa  is  tbo  roforsaco  astorial  ro- 
gardiag  the  above  oxpraoaioao.  la  Bsfereaee  3,  aa  additicaal  coefficieat 
of  2 is  feaad  is  eqaotioa  (24).  It  is  oaittod  boro  aiaeo  it  is  sot  feaad 
ia  Its  foresee  4.  which  foots*  tbo  Baldysah  sad  Uvroatiov  resalt*,  or  it 
Be  foresee  14.  ebiob  dovalops  tbo  aaao  axprossisas  iadopeadoatly.  Qa  tbo 
other  bead.  Vlodiairov,  ia  Biforoaeo  4,  apparaatly  eoacoatratod  bis  atteo- 
tioa  aa  higher  speed*  'sad  deeper  sebasrgoacos,  aiaeo  bo  wrote  tbo  wave- 
aakiag  drag  •xproesiua  ae 


#*  * - ~r  ♦ ••  [h ” i 


eodttiag  tbo  follooiag  teras  of  ofootioao  (27)  sad  (2*/: 

«»  , 1 f r 1 t »,  (_  ^ 

•F  * ^ 4b  44*  4«  4«  VI  # * JJ 

The  tom  l/6i*  i*  of  soob  aogligiblo  aagaitods  that  it  aey  bo  oaittod  at  all 
bat  tbo  vary  loooot  a poods.  I <(0.2725)  • 0.  bat  Ii(X)  rapidly  booooo*  ap- 
prooiablo  at  valaoo  of  X above  aid  balao  0.9725.  It  is  aoaily  aooa  tbot  tbo 
other  tana  rill  bo  of  soffisisat  site  to  bo  iaelodod  at  aodsrste  apoods  ■ 
aad  aehasrpsaere.  Therefore,  ia  tbo  proooat  report,  tbo  ssaplete  aaproo- 
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•ion*.  i.«.,  equation*  (27)  and  (28),  arc  used. 

In  coefficient  font,  equations  (23)  and  (24)  become 
Ct  - 2*a,<?,  - *,?,) 

**«  * 


(30) 

(31) 


Any  conpariaoa  of  the  theoretical  result*  for  a finite-span  hydrofoil 
in  a finite-depth  medium  obtained  by  the  foramina  of  Vavra  and  those  need 
in  the  subsequent  oaalyaia  east  necessarily  he  nade  on  the  basis  •£  the  aum 
of  the  induced  and  wave-asking  drag  coefficients.  The  reaaoa  for  this  is 
that  Vavre  aeaa  the  induced  drag  of  the  foil  ia  aa  infinite  Medium  and  cor- 
rects for  all  surface  effects  ia  tha  wave -making  drag  tens,  whereat  the  ex- 
pressions applied  to  experimental  data  ia  the  present  report  toko  into  ac- 
count a surface  effect  ia  bote  the  induced  and  wave -making  drag  tenaa. 

Ia  order  to  compare  the  two  methods,  take  the  particular  case  of  a 
hydrofoil  under  the  following  conditions:  A >20,  * ■*  2.S  in.,  g ■ 5.33  ft. , 
A * one  chord,  and  beam-depth  ratio,  4 * 20. 

« 

Consider  first  Vavra* e method.  Since  4 ia  largo,  equation  (21)  is  ap- 
plicable for  determining  Cf  . A uniform  distribution  of  lift  along  the  spaa 
is  assumed.  The  wave-making  drag  per  unit  spaa  is  then 


0* 


v* 


(32a) 


or,  in  coefficient  fe 


r. 


e**C. 


(32b) 


The  induced  drag  coefficient  for  s foil  ia  aa  infinite  medium  ia  (ltlJ'^M 
Therefore, 


C.  ♦ C, 


l ♦ r 

w4  i 


(33) 


Tha  second  method  uses  the  Keldyaeh-Lavreatiev  formula,  equation  (31), 
modified  by  a factor  to  take  iate  account  the  fact  that  the  medium  ia  of 
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finite  depth.  This  factor  ia  discussed  farther  on  page  22.  the  sb»llow> 
eater  wave -nek ing  drag  coefficient,  , ia  given  by 


c. 


• m 
V 


where  Ve  “ V*H.  the  critical  -.locity.  The  induced  drag  ia  found  by  aqua* 
tion  (lie).  The  ana  of  the  wave -inking  and  induced  drag  ooefficieata  ia 

ahalloe  water  then  becoaaa 


V 


♦ c. 


V . (35) 


The  reanlta  of  equations  (33)  and  (3S)  are  plotted  againat  Ct  end  a 
ne  Figure  7.  It  will  be  noted  that  equation  ( 39L)  consiatently  given  higher 
reaulta  ia  tkia  caae. 

For  a seed-infinite  aadiaa,  i.e. , tank  depth  g very  large,  it  will 
be  aeea  that  in  equation  (35), 


sH#]  -1  • 

There  are  three  eqastioaa  for  the  two-dinensineal  wave -asking  drag 
of  the  hydrofoil  ia  a seed -infinite  fluid:  Vavra’e  fcqwation  (IS)),  Kotchia's 
(aquation  (16)),  and  that  of  Kaldyacb  end  Lavrentiev  (equation  31))  In 
coefficient  font,  equation  (15)  becoies. 

C -&!.-*  , (36) 

*•  ♦* 


In  order  to  pur  equation  (16)  into  coefficient  fora,  it  £v  necessary  to 
find  an  expression  for  the  circulation,  I\  In  a design  nenorandan  (Refer* 
eece  IS),  Gibbs  and  Con,  Inc.  auggweted  that  the  valaa  of  T around  a thin 
syunatricel  foil  in  an  infinite  nsdiea  be' need  to  appreninate  the  circula- 
tion around  a hydrofoil.  Fran  Reference  7.  pages  19I-2U4,  thin  circulation 
is  faced  to  he  m+T.  Substituting  mteV  for  T ia  equation  (16)  gives 
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Replacing  T by  ta  ,<*y  in  equation  (18b)  raaulta  in 

L. 


•i  " ri  I v*e  • **«e*  ji  - *•  ["5  “{1  . 


or 


a,-— El 

• 2»a  - »,*) 


ce> 


•hart  X ■ [c/4h]  - tfge/K1)#'*! »(X)J.  Sebetitatiag  equation  (38)  i»M  (3?) 

givea 


<> 


Cjt’«*A 


• 4.(1  -«/)* 


(39) 


la  ordar  to  pat  aquation  (31)  into  Lha  a um  fora,  aquation  (30)  is  re- 
arranged: 

_ Cjt 

*•  a»(>t -Vjp,)' 


Sabatitatiag  for  «,  in  aquation  (31)  yialda 

c.  .S^Ilz^SiL 

• U(Pi  - a,?,)* 


(40) 


Eqaations  (34),  (39),  aid  (40),  which  ara  nil  in  tha  fora  (C£S/i*!*.j 
(whara  / * 1,3,3),  ara  conparad  in  Figure  8,  whara  »j  it  plotted  agaiaat 
Froadn  naabar,  Y/J$e,  atvarieue  doptha. 

At  tba  deeper .aaboergeacea,  it  it  *aan  that  tha  tbraa  aqantioaa  art 
in  cloaa  ogrooaant.  Haaavar,  aqantioaa  (34)  and  (39)  bwvone  laaa  and  laaa 
accarata  aa  tha  aabaarpeuc*  daoraaoM,  ainea  thay  ara  board  on  valuta  of 
lift  derived  froa  tha  eircalatioa  araond  a aiagla  vortex  ia  aa  infinite 
aadiaa,  and  neglect  tha  caaeiderable  affoit  of  tha  proaiaity  to  tha  free 
ear face  an  the  circulation.  Ot  page  38  of  Rife ranee  14,  Kotchia  givaa  aa 
exprneaioa  fee  P which  takaa  into  account  tha  free  eurfaee,  bat  it  ia  coa- 
aidered  too  conplieated  to  avalaata  for  tha  parpoaoo  of  thia  report.  Let 
it  aaffice  to  any,  therefore,  that  aqantioaa  (34)  aad  (39)  give  good  ra- 
aulta  at  tha  deeper  aabaargaacaa  ia  a nodina  of  grant  depth. 
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Equation  (40),  which  consider*  • number  of  source*  inJ  vortices  die* 
tributed  alom  * line  of  discontinuity,  with  the  free  surface  ss  s bouriary 
condition,  defines  the  circulation  by  the  requiiement  of  a. finite  velocity 
at  th  ■ trailing  edye.  It  also  ha*  its  limitations  in  proximity  to  tha  eur* 
face,  since  at  sc us  r'rouda  numbers  at  shallow  kubnergencea,  it  results  in  a 
negative  wave-neking  drag,  whic..  is  physically  impcasibla.  Howsver,  at 
shallower  aubmergancea  (about  l.Se  to  0,75e),  the  results  obtained  using 
equation  (40)  era  more  rslinble  than  those  obtained  uaing  equations  (5$) 
and  (39). 

RELATION  BETWEEN  LIFT  COEFFICIENT  AND  ANSLE  OF  ATTACK 

If  the  ueual  pattern  of  deriving  tha  lift  coefficient  slops  need  in 
airfoil  theory  (Reference  7)  ie  followed,  tha  angle  of  attack  of  a foil  of. 
finite  span  with  respect  to  the  undisturbed  surface,  a,  can  be  defined  as 

<*-<*,♦«  , (41) 

share  * 

«,  " the  engle  of  atteck  exclusive  of  the  induced  velocity  component, 
i.e.,  the  sngle  of  attack  at  infinite  aspect  ratio,  for  theses* 
lift  coefficisnt, 

« ■ angle  due  to  the  vertical  velocity  induced  at  the  lifting  line 
as  the  result  of  finite  span. 

Differentiating  with  raspect  to  the  lift  coefficient,  C4,  gi.»a  . 

♦ JL"  , (42) 

dCt  dCt  dCl  ’ 

For  a deeply-aubawrged  hydrofoil,  dat/dCl  ■ 1/2 n,  end,  hem  equation  (7), 


SC. 

* m7j 


As  the  sebawrgeace  inereaska,  J approechea  ni*/4,  or, 


CoaaeqtMntly, 
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Ibarafora, 
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To  abtaia  tbo  alopo  of  tba  lift  coofficioat  «itb  aa^lo  of  attack  at 
iafiaito  aapact  ratio,  oqvatioa  (42)  ia  raarraafod; 

hi  m Js.  - Ji.  (46) 

Tba  tora  4*/4C.  my  bo  obtaiaod  itm  eaporiaoatal  data,  and  item  oqaa 
tioa  (T), 

J*  3 1 1 ♦ o- 

lS[mXJmMt  -“ST  <4T) 

for  tbo  elliptic  foil,  r? os  e^aatioa  (14a), 
d«  1*6  (1  ♦ 1)(1  ♦ j) 

3c;  - *7- 5 — ^ — <»> 

for  tbo  roctaagalar  foil. 
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DESCRIPTION  OF  MODELS  AM)  SORCES  OF  TEST  DATA 


IW  t4iu  nptfUd  ia  Rifiruci  16  mm  conducted  at  Ut  E.T.T.  « 

• wood**  ttodel  of  N.A.C.A.  64i-A412  aectioa,  ktniuiur  termed  Model  T* 
(chord  length  • 2S  in.;  eapect  ratio  » 20).  The  velocity  range  ms  fra 
4.6S  to  9.T0  ft./aec.,  and  the  aaxiama'lift  coefficient  *u  0.62.  Refer* 
once  10  raporta  the  teat*  condocted  at  the  N.A.C.A.  on  a ataialeaa  atoel 
aodel  of  N.A.C.A.  64j-A412  section,  hereinafter  termed  Model  Ik  (chord 
length  *8  ia. ; eapect  ratio  * 10).  The  velocity  rang*  van  from  IS  to  35 
ft./aec.,  and  tne  aaxiaua  lift  coefficient  area  jut  over  0.S0.  Reference* 
12  and  17  report  the  reaalta  of  teata  and*  at  the  E.T.T.  oa  a ayaaatrical 
alaaiaaa  Model  of  N.A.C.A.  0012  aectioa,  horeiaafter  taraed  Model  II 
(chord  length  « S in. ; eapect  ratio  * 6).  The  velocity  rang*  oaa  from  S.S 
to  16.0  ft./aec.,  and  the  teata  Mr*  ran  at  tee  Mter  depth*,  S.S3  ft.  and 
3.75  ft.,  to  give  a variation  of  the  critical  velocity.  The  aaniatm  lift 
coefficient  na  0.68. 

DETERMINATION  OF  PROFILE  DRAG 

HOltt  la.  The  aagle  of  attach  (a)*,  lift  coefficient  (Ct),  and  total 
drag  cMfficieat  (C,  )**  reported  for  the  hydrofoil  ia  Reference  16  are 
giVea  in  coloama  4,  §,  and  6,  respectively,  of  Table  I.  The  C*f  valnaa  of 
the  foil  are  plotted  against  C(*  ia  Figure  9,  and  leant  squama  corves  of 
the  form  Ctf  *■  *Ct*  ♦ 4 are  dnn  through  the  point*  for  each  Fronde  Ma- 
her and  aahaergeac*^. 

Since  the  teats  of  Reference  16  Mr*  all  mad*  at  sabcritical  veloc- 
ities, it  m*  originally  aaaeaed  that  the  profile  drag,  C9f,  could  be 
erittea  as 
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_ (1  ♦ I)<1  ♦ cr)CL* 
«4 


fro*  equation  (14a) 


c»f  * — rMQi  - •fit)  , fro*  equation  (SI)  . 

•boa  the  reaalta  Uua  obtained  vara  plotted  against  Ct*.  it  eaa  aaoa  that 
C,,  docrsaaad  with  lift.  {Thia  eaa  also  obwwrvwd  ebon  aquation  (49)  eaa 
applied  to  Model  II  date  at  anbcritical  valocitias.)  However,  in  the  wind- 
tunnel  toots  reported  in  Rafarenee  11,  the  profile  drop  invariably  shoved 
an  increase  with- lift  for  a aery  Reyaolda  anabar.  It  one  aasuned,  there fore, 
that  thia  abot.d  bold  tree  fo.  the  reaps  of  Asyaolds  nunbera  c one i do  red  in 
lltfereaoo  16.  Equation  (14a)  was  derivsd  with  the  .asaneption  that  tbe  acr- 
face  disturbance  is  ne|li|i!d/i,  Ibis  aaauhption  is- shows  to  bo  reasonable 
fro*  the  analysis  of  the  results  for  Medela  lb  end  II  at  hiph  (supercriti* 
cal)  Frendo  nunbera,  where  no  wave -we king  drop  exists,  since  the  profile 
drop  la  found  to  i scree an  alifhtly  with  lift,  as  expected.  Equation  (31) 
was  derived  for  a two -dine  nsioaal  foil  in  n seni -infinite  nodins,  whereas 
the  data  anelyaod  an  obtained  from  teats  on  a three -dinensional  foil  in 
a nodiun  of  finito  depth.  It  was  aasuned,  therefore,  that  although  both 
equations  are  in  error  at  low  Fronde  nunbera,  the  results  of  aquation  (31) 
contribute  by  far  the  prnntsr  part  of  the  error.  It  was  decided  to  apply 
an  enpirionl  correction  factor  to  tfe-  wave-nahinp  drop  tom  in  equation 
(49)  to  tabs  into  account  the  fact  taut  there  is  a critical  wave  ashing 
velocity.  The  factor  decided  upon  **s  Q - »//V,  U,  where  ft  is  taw  criti- 
cal velocity,  ■ -/**•  The  application  of  this  factor  pivos  a aneoth 
truaaitiea  to  a wevsr  nebiap  drop  of  aero  at  Y • re,  indicating  a atsody 
of  the  assent  of  energy  traaaaitted  by  tbe  bound  vortex  as  tbs 
velocity  approaches  the  critical.  la  the  Subcritical  reaps,  the  expression 

for  Cm  then  beceaoa 
•a 

\ * c*f  * C.t  ' U ” lrA«  ,1C»r  * % ’ S ' V ‘ (50) 

At  sopercritiual  velecitieo  C(>  X 0. 

It  should  bo  noted  that  the  use  of  Vavra'a  fora  ala,  equation  (33), 
will  give  values  of  Ctf  which  dnerease  with  lift,  aiase  the  Cf(  ♦ C#f  re- 
sults are  higher  thaa  those  obtained  by  the  use  of  equation  (35). 
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The  rerjlte  of  applying  aquation  (SO)  to  the  IbJel  la  data  ara  given 
in  Table  I:  colunn  7 lists  values  of  C»j  ♦ C*r',  tfcd  •:olunn  R shoes  C#^  cb« 
tained  by  aubtracting  column  7 from  Clr  (coIucl  6).  On  Figure  10,  C$f  in 


aC,  * ♦ b 


plotted  against  Ct*  and  a iaaat  squares  curve  of  the  form  C$f 
ia  dram  through  the  points  to  Ctl  “ 0. 

Modal  la  ia  an  asymmetrical  nodal,  and  therefore  its  point  cf  mini* 
mum  profile  drag  does  not  occur  at  Ct*  “ 0,  as  indicated  by  the  form  of  the 
least  squares  equation  adopted.  To  obtain  n parabolic  curve  eith  a ainii 
point  at  CL*  1*0,  the  least  squares  equation  should  be  of  the  form 


Ctf  • feCj  ♦ b)*.  The  point  «f  minii 


Ctf  found  for  this  foil  in  Refer* 


• C,  - C. 


us  C, 


is  obtained,  as  before,  from  equation  (14a). 


* hfcmw  II  hmu  III  «m4mi,4  an  tU  R.4.C.4.  mtlw,  illil  Ilff.M  tin  Ik, 

e.s.c-i.  «|«ii  '"•••,  *f  at(if«s««  is  >sir  if  iu  i •■•fit  *t  iii  •rsiUse  sssf. 
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enca  11*  is  at  - 0.04.  Above  this  value  of  CL,  the  datum  pointa  through 
vhieh  the  teo  curves  (i.a. , Ctf  " eCt*  ♦ b,  and  Cr,  “ (•Cl  ♦ b)*)  nust  bo 
dram  can  fit  either  curvs  closely.  But  since  it  is  easier  to  compute  the 
coefficients  ia  the  equation  C(f  • aCt*  ♦ b,  thin  in  the  form  need.  The 
least  squares  curve  be  I’m  Ct*  “ 0.04  is  shorn  dotted  on  Figure  10. 

K»m  lb.  Reference  10  gives  faired  plots  of  Ct  and  C*f  vs.  velocity 
at  various  angles  of  altabk  and  aufanstgeacea.  Values  of  CL  and  C#f  nere 
taken  off  these  plots  at  F.'oude  numbers  corresponding,  insofar  as  possible, 
to  those  reported  in  Reference  16.  The  drag  and  angle  of  attack  sere  cor- 
rected for  ground  effect,  and  stmt  terse**  vers  subtracted  from  the  total 
drag  coefficient.  The  lift  and  drag  vara  than  crees*faired  by  plotting  than 
against  depth  of  submersion  end  angle  of  attack.  C(  and  C*f  mm  than  read 
off  at  the  submergences  tested  at  the  E.T.T.  on  Modal  Ia.  The  corrected  end 
cross >faired  values  of  a,,  C4,  and  Ctf  am  given  in  colunns  4,  5,  and  4, 
respectively,  of  Table  II.  The  C*r  valuta  are  plotted  against  C4*  is  Figure 
11,  and  least  squares’ turves  of  the  form  C»r  ■ eCj1  ♦ b are  dram  through 
the  points  for  each  FrcuUe  number  and  depth  of  snfaaMrsiom. 

Since  the  taste  reported  iu  Reference  10  sera  all  run  at  supercritical 
velocities,  C9f  ia  found  by 

(51) 
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The  reeulte  of  applying  equation  (SI)  to  the  Model  lb  data  are  given 
in  Table  II:  valuea  of  C?..  are  liated  in  coltuut  7 and  Ctf  in  coluun  8.  Fig* 
ure  12  ehowa  Cgf  plotted  egainat  C* , with  leert  equarea  curvea  of  the  fona 

CSf  ” aCj*  T 6 drawn  through  the  pointe  to  C, ,*  ■ 0.  Thie  fora  ia  adopted 

for  the  sane  reaaona  given  above  for  Model  la.  The  nininua  profile  drag  ia 

also  aaauaed  to  occur  at  the  ?»«e  point  aa  for  Model  la,  i.e.,  atCt,-C.04. 

Below  thie  point,  the  least  squares  curve  is  shown  as  a dotted  line. 

MOPtl  tl.  Coluans  4,  S,  and  6 of  Table  III  list  the  values  of  a*,  Ct, 
end  C*r  , reported  in  References  12  end  17.  Figure  13  shows  C*f  plotted 
against  C(*,  with  least  squares  curves  of  the  fora  C*r  " eC(*  ♦ 6 drawn 
through  the  pci  te  at  the  various  Froude  nuabera  and  subaergences. 

The  teats  reported  ia  References  12  au«l  17  range  in  velocity  froatuc 
subcritical  to  the  supercritical  range,  and  the  profile  drag  is  obtained 
froa  equations  (50)  and  (SI).  The  results  of  the  analysis  are  given  ia 
Table  III:  ccluan  7 shows  Cti  * C#f*  (at  supercritical  velocities,  C>r’*0) 
and  coluan  V lists  valuea  of  C$r  found  by  subtracting  coluaa  7 froa  coluan 
6 (CfT).  Cgf  is  plotted  against  C(*  on  Figure  14,  with  least  squares  curves 
of  the  fora  Ctf  “ s Ct*  ♦ b drawn  through  the  points.  Model  II  is  n synae* 
trical  foil,  and  the  ainiaua  profile  drag  point  occurs,  therefore,  at 
C4*  » 0. 


Carraaaat  far  fiwtl  «IIm(  la  tk#  araaaat  nrwt. 

Carraaaat  fa*  ftaaat  affaat  aat  itm  tart  ia  tka  rr  atari  r a rat  a.  Ural  taraa  vara  aat  talar* 
alaat  la  tka  taata  al  Stfaraaaaa  It  aat  IT  aat  art  aaaaaat  la  ka  f/l  at  trial  aa  Ikaaa  flrta 
la  ritata  III-l  al  Salaraaaa  U. 
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RESULTS  AND  DISCUSSION 


VARIATION  OF  FROFILE  DRAG  WITH  LIFT  COEFFICIENT  HO  DEPTH 

Figuroa  10,  12,  and  14  show  tha  Ctf  resulta  at  various  velocities 
for  Modala  la,  lb,  and  II,  ru. . actively.  The#*  profila  drag  poiata  ar« 
obtained  fro*  C(j>  data  at  various  submergences.  Since  profila  drag  ia  tha 
drag  in  an  infinite  medium,  it  should  show-  no  dependence  on  tha  depth  of 
aubaeraion  of  the  hydrofoil.  It  ia  aeon  that,  aleoat  invariably,  the  Ctf 
pointa  fall  cloaa  to  the  laaat  square*  linaa,  with  only  a normal  amount 
of  acatter.  Tb-  only  exceptions  ara  in  the  caaa  of  Modal  Ia  at  looapeada 
(Figure  10),  which  may  be  explained  by  tha  fact  that  thare  ia  a large 
apread  in  tha  Ctf  data.  Howe re r,  on  Figure  12,  it  ia  aeon  that  there  ia 
practically  no  acatter  of  the  Ctf  pointa,  which  were  obtained  from  cross  - 
faired  G*r  values.  Thin  indicatea  that  if  all  tha  C»r  values  had  bean 
croaa-fairad,  tha  acatter  in  tha  Ctf  valuaa  of  Figures  10  and  14  would 
hava  bean  greatly  reduced. 

Vith  tha  adoption  of  the  empirical  correction  to  the  wave-oaking 
drag,  it  is  also  seen,  on  Figures  10  and  14,  that  there  is  a small  posi- 
tive slope  to  tha  least  aquaraa  lines  drawn  through  tha  Ctf  pointa  at 
each  Fronde  number,  i.e.,  tha  C§f  increases  slightly  with  lift  Thus,  at 
lower  A#  (below  the  critical  velocity),  the  use  of  the  correction  factor 
given  results  which  are  reasonable  ebon  compared* with  those  obtained 
from  wind-tunnel  teats  at  higher  A;. 

a 

Figure  12  shows  tha  variation  of  C*#  with  lift  within  tha  range  of 
Reynolds  numbers  repofted  for  tha  wind-tunnel  testa  of  Refers  ace  11.  The 
smooth  awrfaca  and  standard  roughness  Ctf  values  of  Reference  11  era  also 
plotted  on  Figure  12.  Comparison  shows  that  the  C$f  valuaa  obtained  by 
applying  aquation  (SI)  to  tha  C*r  from  the  towiag-taak  testa  of  Refaraace 
10  are  slightly  higher  than  tha  smooth  surface  Ctt  of  the  wind-tunnel 
testa  and  well  below  tha  standard  roughness  Ctf.  However,  as  ia  mentioned 
in  Reference  10,  tha  surface  of  tha  hydrefoil  modal  was  slightly  pitted 
daring  the  testa  by  the  salt  water  ia  the  taah,  and  therefore  was  prob- 
ably somewhat  rougher  than  tha  smooth  airfoil  tasted  in  the  wiad*tunael. 

A very  interesting  and  illuminating  result  is  obtained  in  the  case 
of  the  Model  IX  data  at  ¥ • 12.05  ft./aec.  (Figure  14).  The  C$r  data  from 
which  these  profila  drug  poiata  were  obtained  wars  taken  at  two  sufamar* 
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gence»  ( h • 0.75c  and  1.50c)  and  three  tank  depths  ( H “ 3.75  ft.,  5.33  ft  , 
and  5.83  ft.).  Although  at  H m 5.33  ft.  and  II  * S.83  ft.,  the  velocity  is 
subcritical  and  equation  (50)  applies,  and  a*.  H ” 3.75  ft.  the  velocity  ia 
supercritical  and  equation  (51)  applies,  it  may  be  seen  that  the  points  ob- 
tained in  each  case  fall  very  close  to  the  least  squares  line  draen  through 
all  of  them, 

OEPOBENCE  OF  PROFILE  OPAG  ON  REYNOLDS  NUMBER 

The  valuer  of  minimum  C$f  for  the  three  hydrofoils  considered  are 
plotted  against  Reynolds  number  on  Figure  15.  (For  Models  Ta  and  lb,  the 
minimum  Ctf  oc.uis  at  C t*  * 0.04;  for  Model  II,  the  ciaicut.  Ctf  is  at 
Ct*  • 0. ) The  following  curves  are  also  plotted  for  comparison: 

(a)  Blasius  laminar  line 

(b)  Prandtl  transition  lisa 

(c)  Scloenherr  nsaa  line 

(d)  Smooth  surface  C$  for  N.A.C.A.  64j-4l2  and  1*7.  C A.  0012  auc- 
tions f 

(a)  Standard  roughness  C.  for  N.A.C.A.  64i*412  and  N.A.C.A.  0012 
raetioaa.  f 

The  slope  of  the  Modal  Ia  min  imam  ctf  points  ia  greater  than  that  of 
the  Blasiua  laminar  line,  but  the  general  shape  of  the  curve  indicates  that 
the  floe  was  laminar,  with  *a Deration  causing  a high  drag. 

The  section  shape  of  Models  Ta  and  Ih  van  designed  to  give  laminar 
fljw  even  at  high  Reynolds  numbers,  under  favorable  conditions.  Examina- 
tion of  the  Uriel  Ih  data  on  Figure  IS  indicates  that  the  flow  was  prob- 
ably at  least  partly  laminar  at  the  lower  Reynolds  numbers.  As  Re  in- 
creasss,  the  data  fall  very  close  to  the  transition  lias. 

The  lias  drawn  through  the  Model  II  points  is  exactly  parallel  to 
the  Schoeahsrr  mesa  line,  which  indicates  that  the  flow  around  the  foil 
was  turbulent.  However,  the  line  is  displaced  slightly  shove  the 
Schoeaherr  lias.  This  nay  ho  das  to  roughness  sf  the  modal  surface, 
separatism  ef  th*  flew,  or  a esnbiaatiom  of  both. 

SLOPE  OF  LIFT  COEFFICIENT  WITH  ANGLE  OF  ATTACK 

The  eagles  of  attack  (corrected  for  ground  effect)  and  lift  coeffi- 
cients from  the  tests  of  References  10,  12,  Id,  and  1?  are  given  in 
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coIdmu  (ud  $,  raapactivalr,  of  Tablaa  I - in.*  Tkaaa  an  plotted  with 
a u ikeiut  and  C4  aa  ordiaata  oa  Figure  16.  IT.  *»d  16  for  fedele  la, 
lb,  aad  II,  raapaetivaly,  and  laaat  ‘aqaaraa  utuvaa  of  tka  fora  Ct  •«•♦» 
ara  dream  tkroagk  tka  poiata.  Alao  ahooa  oa  thaaa  ii(«na  ia  tka  tkaocati- 
cal  lift  coafficiaat  at  iafiaita  depth,  (Ct)kam,  which  ia  aktaiaad  by  ia- 
tagratiaf  aqaatioa  (45): 


*t 


(S3) 


akara  K ia  a coaataat  datanaiaad  bp  a at  tare  lift,  Oji#.  For  Modala  Ia  aad 
'Ik,  -»t,  • HQ.OSh*  rediaa;  far  Dedal  II,  aj#  » 0 radiaa. 

Aa  axaaiaatioa  of  Jm  carroa  oa  Fi(uu  16,  17,  aad  16  akoao  tkat 
tka  aiopaa  iacraaaa  aitk  daptk  toward  tka  tkaoratical  valaa  aktaiaad  frwa 
aqaatioa  (S3). 


* t*  mm-  W a,  ,ai  ,<  fclww  U Un  Ml*  III),  I*  b mM  btl  m n>m  m*  «a  la 
mmhmi  *4  moU  *t  MMli  a.  TW  MM*  fH  •*.«*,  **4  *a  ri«M*  to  lb  laml  a I* 
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It  should  be  pctsiSl«  to  apply  tba  expressions  given  in  this  report 
to  the  prediction  of  the  lift  end  drag  of  e full-scale  hydrofoil.  Xa  the 
previous  sections,  theories  «f  induced  end  wave-waking  resistance,  Modi- 
fied for  laboratory  coaditioea,  ears  applied  to  toeing- task  data.  The  re- 
sults obtained  ia  regard  to  profile  drag  are  consistent  eitb  eind-tunael 
results,  and  ia  the  cases  nhere  direct  coaparisoo  is  possible,  they  are 
found  to  agree  very  closely  with  eiad-tuaael  results.  It  therefore  appears 
that  the  initial  hypothesis  that  tha  total  drag  of  a hydrofoil  May  be  di- 
vided into  three  cony onsets  (induced,  wava-naking,  and  profile  drag)  is 
verified,  and  can  be  accepted  as  a physical  fact. 

Induced  drag  is  a function  of  aspect  ratio,  deptk-to-span  ratio,  and 
lift  coefficient;  wava-naking  drag  depends  on  FVoode  a— her,  depth-te -chord 
rstio,  end  lift  coefficient  (circulation).  Therefore,  the  Fronde  La*  of 
Coaperison  holds,  i.e.,  these  conponents  of  drag  are  independent  of  scale 
effect. 

Thus,  f nr  a full-scale  hydrofoil,  equation  (14a)  os  peg*  10  aay  be 
need  to  predict  induced  drag. 

„ _ (1  ♦ D(l  ♦ c*:,* 

c'i 5 • 

and  equation  (31)  on  page  16  to  predict  vave-uaking  drag. 

C*s * •**> 

See  Figures  S and  6 for  values  of  Q,  and  Qv 


■ i 


! I 


The  prefils  drug,  however,  ia  s function  of  the  foil  shape  and 
Reynolds  auaher.  A full-sis*  hydrofoil  having  a chord  length  of  say  10  ft. 
aay  operate,  for  instance,  at  a designed  Hi  ft  5 « 10T,  and  Ctf  aay  be  de- 
termined froa  uind- tunnel  t*«u  of  the  foil  at  this  Reynolds  auaher. 

In  the  special  case  of  a hydrofoil  ia  shallow  water  (which  is  the 
. condition  under  which  tew  lag- tank  teats  are  conducted),  it  oust  be  re- 
e sub > red  that  the  wave-aakiag  drug  ccapoaest  vanish**  at  velocities  be- 
yond the  critical.  The  procedures  followed  in  analysing  the  test  data  in 
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